A drug delivery vehicle was constructed that could be visualized noninvasively with MRI. The biodegradable polymer poly(DL-lactic-co-glycolic acid) (PLGA) was used to fabricate microspheres containing vascular endothelial growth factor (VEGF) and the MRI contrast agent gadolinium diethylenetriamine pentaacetic acid (Gd-DTPA). The microspheres were characterized in terms of size, drug and contrast agent encapsulation, and degradation rate. The PLGA microspheres had a mean diameter of 48 ± 18 μm. The gadolinium loading was 17 ± 3 μg/mg polymer and the VEGF loading was 163 ± 22 ng/mg polymer. Electron microscopy revealed that the Gd was dispersed throughout the microspheres and it was confirmed that the Gd loading was sufficient to visualize the microspheres under MRI. VEGF and Gd-DTPA were released from the microspheres in vitro over a period of ∼6 weeks in three phases: a burst, followed by a slow steady-state, then a rapid steadystate. Biodegradable Gd-doped microspheres can be effectively used to deliver drugs in a sustained manner, while being monitored noninvasively with MRI.
inducing neovascularization and promoting tissue perfusion (7) . The short biological half-life of VEGF makes a sustained release system desirable, and because of the tumorigenic potential of VEGF (8) , it is important that the delivery is controlled and localized to a target region, and that systemic exposure is minimized. These requirements for controlled, localized, sustained delivery of VEGF make PLGA biodegradable microspheres well suited as a delivery vehicle. In order to optimize the delivery of a biodegradable polymer controlled release system for VEGF, it is necessary to be able to observe the fate of the system once it is delivered to ensure that it is targeted properly and that it remains sufficiently localized in vivo.
MRI has the potential to be used as a noninvasive means for visualizing an implanted drug delivery vehicle to monitor its localization and tissue distribution kinetics. The high temporal and spatial resolution of MRI, as well as the use of RF energy instead of radioactive isotopes, makes it a desirable noninvasive imaging modality compared with tomographic techniques such as PET or SPECT. To enhance the contrast in MR images, the paramagnetic lanthanide gadolinium (Gd) is most often used, and it is chelated to larger molecules in order to reduce its toxicity. In this study, the feasibility of incorporating the MR contrast agent Gd diethylenetriamine pentaacetic acid (GdDTPA) (9) into PLGA microspheres to visualize them with MRI was investigated. Data is presented on the construction and characterization of the VEGF/Gd-DTPA PLGA microspheres, as well as the in vitro release kinetics of the contrast agent and drug from within the microspheres.
MATERIALS AND METHODS

Materials
PLGA with a lactide:glycolide ratio of 50:50 and molecular weight (M w ) of 64 kD was provided by Alkermes (Cambridge, MA). Gd-DTPA (M w = 938) was supplied by Magnevist (Schering, Germany) and was diluted with distilled water to 120 mM. VEGF was provided by the National Cancer Institute (Bethesda, MD) and was formulated in a solution that contained 0.5 mg/ml VEGF and 27 mg/ml bovine serum albumin (BSA). Poly(vinyl alcohol) (PVA) (88% mol hydrolyzed, M w = 25,000) was purchased from Polysciences (Warrington, PA). Methylene chloride was obtained from Fisher Scientific (Fairlawn, NJ).
Microsphere Preparation
The particles were prepared by double emulsion solvent-evaporation (10, 11) . The primary water/oil emulsion was made by first dissolving 100 mg of PLGA in 1 ml of methylene chloride, then adding 100 μl of Gd-DTPA and 100 μl of VEGF. The mixture was continuously sonicated at 20 W and 20 kHz for 20 sec. The second emulsion was made by adding 5 ml of a PVA solution (1% PVA, 5% NaCl) and vortexing at the highest setting (8) for 30 sec. This secondary emulsion was added to 40 ml of a second solution of PVA (0.3% PVA, 5% NaCl) and stirred for 3 hr at room temperature to evaporate the methylene chloride. The resulting microspheres were washed three times with distilled water and lyophilized. The microspheres were stored at −20°C.
Microsphere Analysis
The microspheres were imaged using a brightfield light microscope equipped for differential interference contrast (DIC) imaging (Nikon E800, Melville, NY). In DIC imaging, the contrast is a function of optical path gradients and produces a pseudo 3D surface image (12) .
The size distribution of the microspheres was analyzed with a particle size analyzer (Multisizer 2, Beckman Coulter, Miami, FL), and the volume-weighted mean diameter (d wm ) was calculated according to the following equation (13): [1] where n i is the number of particles having diameter d i .
The Gd-DTPA loading of the particles was determined by inductively coupled plasma mass spectrometry (ICPMS) (Desert Analytics, Tucson, AZ). VEGF loading was calculated from the cumulative release from the in vitro study (see below). Loading level is defined to be the mass of Gd or VEGF encapsulated, per mass of particles.
Energy-filtered electron microscopy (EFTEM) was used to examine the distribution of Gd within the microspheres (14, 15) . In the EFTEM technique, a monochromatic electron beam focused on the sample loses energy through electron interactions. By using transmitted electrons that fall within a defined energy window, an elemental map can be constructed. For this study, a CM120 transmission electron microscope (Philips Electron Optics / FEI, Hillsboro, OR) equipped with a GIF100 postcolumn imaging filter (Gatan, Warrendale, PA) running Gatan Digital Micrography software was used (16) . Microspheres were first embedded in resin and cured overnight at 60°C. Sections were cut dry on a microtome at a thickness of ∼100 μm. The incident electron beam had an energy of 120 keV, and to obtain the signal from Gd, transmitted electrons with energies of 1185 ± 10 eV were counted. The acquisition time was ∼10 min.
In Vitro Degradation
For the in vitro degradation study, 45 mg of particles were suspended in 5 ml of phosphatebuffered saline (pH = 7.3) in a 15-ml centrifuge tube, which was kept in a water bath maintained at 37°C. Three different samples of microspheres, each made separately, were used for the study.
In order to measure the Gd released from the microspheres and the longitudinal relaxation rate of the microspheres themselves, T 1 maps were made of the samples at regular intervals over a period of 60 days. Before each measurement the samples were centrifuged at 3300 rpm (1380g) for 15 min in order to form a pellet of microspheres at the bottom of the tube. Images of the samples were then acquired in a 1.5 T clinical MRI scanner (GE, Milwaukee, WI) using a birdcage head coil. To measure T 1 , an inversion recovery fast spin-echo sequence was used with the following parameters: TR/TE = 10 sec / 10 ms, resolution = 1.25 × 1.25 mm, slice thickness = 5 mm, echo train length = 4, TI = 50-3200 ms. After imaging, 2.5 ml of the supernatant was removed and replaced with 2.5 ml of fresh saline. The sample was gently shaken and replaced in the water bath.
To calculate T 1 values, the complex image data was polarity-corrected by subtracting the phase of the fully relaxed image (TI = 3200 ms) from the phase of all the other images and taking the real part. The data was then fit to a three-parameter model (17): [2] where A and B are parameters that are determined by factors such as the inversion efficiency and equilibrium magnetization, TI is the inversion time, and T 1 is the longitudinal relaxation time. A standard curve relating T 1 to Gd-DTPA concentration was made with standards prepared in saline at Gd-DTPA concentrations ranging from 0-0.5 mM. This standard curve was used to convert the T 1 values measured in the supernatant to Gd-DTPA concentration.
VEGF content in the supernatant was determined by an enzyme-linked immunosorbent assay (ELISA) (Quantikine VEGF Immunoassay kit, R&D Systems, Minneapolis, MN) and measured in duplicate. Values for VEGF and GdDTPA concentration in the supernatant were normalized to the total amount released. All values are reported as mean of the three samples ± standard deviation (SD).
Relaxation Measurements
In order to characterize the magnetic relaxation properties of the microspheres they were embedded in gelatin, since they tended to settle when mixed with water. Gelatin (Sigma, St. Louis, MO; 175 bloom) was prepared at a concentration of 16% (weight/volume). A suspension was made with 200 mg of PLGA microspheres and 3 ml of water, and 0.5 ml of this suspension was added to 0.5 ml of gelatin and vortexed. In order to measure the T 1 of the free Gd-DTPA in the suspension, 1 ml of the suspension was filtered with a 0.22 μm syringe filter and 0.5 ml of the filtrate was added to 0.5 ml of gelatin and vortexed. In addition, a suspension of blank spheres containing no Gd-DTPA was also embedded in gelatin to measure the T 1 effect of the PLGA. To measure T 1 , inversion recovery gradient-echo images were acquired on a 1.5 T clinical scanner with the following imaging parameters: TR/TE = 10 s/3.8 ms, resolution = 0.47 × 0.94 mm, TI = 16-4000 ms. The data were polarity-corrected and fit to a three-parameter monoexponential recovery curve as described above. Standards were prepared containing varying concentrations of Gd-DTPA in gelatin, ranging from 0-2.25 mM. T 1 was converted to Gd-DTPA concentration using this curve.
Bioactivity
The bioactivity of VEGF released from microspheres was assayed by measuring its ability to induce proliferation in human umbilical vein endothelial cells (HUVECs). The proliferation assay was conducted by Paragon Bioservices (Baltimore, MD). Cells were seeded into 24-well cell culture plates at a density of 5000 cells/well. Cells were grown in endothelial growth media (EGM-2, Cambrex, East Rutherford, NJ) for 2 days in a 37°C incubator with 5% CO 2 . The EGM-2 media is a proprietary formulation containing basal media plus supplements, cytokines, and growth factors, including VEGF. The EGM-2 media was then replaced with experimental media and the amount of cellular proliferation was measured 4 days later by counting the viable cells in each well using a hemacytometer and Trypan blue staining. There were four experimental media formations, each made with modified EGM-2 media that contained all the components of EGM-2 except VEGF. Group 1 contained exogenously added VEGF protein and served as a positive control. Group 2 contained supernatant from VEGF/Gd-DTPA PLGA microspheres. Group 3 contained supernatant from "empty" microspheres containing Gd-DTPA and BSA, and served as a negative control. Group 4 contained the modified media alone and served as an additional negative control. Groups 1 and 2 contained VEGF at a concentration of 10 ng/ml. Each was tested in triplicate. Values are reported as mean ± SD. Statistical significance was tested using one-tailed un-paired Student's t-tests. Statistical significance was defined as P ≤ 0.05.
RESULTS
Microsphere Size and Gadolinium Loading
The VEGF/Gd-DTPA PLGA microspheres were spherical in shape and heterogeneous in size, as shown in the DIC light micrograph in Fig. 1 . The size distribution is shown in Fig. 2 . The mean diameter of this distribution, termed the volume-weighted mean (d wm ), calculated from Eq. 1, was 48 ± 18 μm. The Gd loading of the microspheres was determined by ICP-MS elemental analysis to be 17 ± 3 μg/mg polymer, which corresponds to 103 ± 16 μg/mg polymer loading for Gd-DTPA. The distribution of Gd within the microspheres was investigated using energy-filtered transmission electron microscopy (EFTEM), as shown in Fig. 3. Figure 3a shows a low-loss transmission electron micrograph of a single particle, with regions of high electron density appearing dark. For each pixel the area under the peak between 1175 and 1195 eV in the energy loss spectrum was integrated to construct a Gd map, as shown in Fig. 3b . In this micrograph, signal intensity is proportional to Gd concentration. The bright regions in the energy-filtered electron micrograph correspond to the dark regions of high electron density in the low-loss electron micrograph in Fig. 3a . From these images it can be seen that the Gd is dispersed homogeneously throughout the particle.
Longitudinal Relaxation Effects
In order to characterize the T 1 relaxation effect of the microspheres, they were embedded in gelatin (to prevent settling) and the T 1 was measured on a 1.5 T MR scanner. Microspheres were also filtered and the resulting filtrate was mixed with gelatin to measure the T 1 of Gd-DTPA that had escaped from the microspheres. To determine if the polymer itself had any T 1 effect, T 1 was also measured for gelatin containing empty microspheres and for gelatin alone. The longitudinal relaxation rate, R 1 (R 1 = 1/T 1 ), is plotted for each of these samples in Fig. 4 . The relaxation rates of gelatin and empty spheres in gelatin were similar, indicating that PLGA alone has no appreciable T 1 effect. The T 1 enhancement of the VEGF/Gd-DTPA microspheres is significant and is due in part to free Gd-DTPA that has escaped from the microspheres, as shown by the increased relaxation rate of the filtrate. From elemental analysis, the Gd-DTPA concentration of the microspheres in the gelatin was 4.6 mM. By MRI measures, however, the relaxation rate of the embedded spheres was equivalent to the relaxation rate of a 2.1 mM concentration of Gd-DTPA in gelatin. The discrepancy is likely due to restriction of water access to the encapsulated Gd-DTPA by the polymer, thereby reducing the T 1 effect.
Release Kinetics
Samples of microspheres were suspended in saline and placed in a water bath at 37°C. At regular intervals the microspheres were centrifuged and a sample of supernatant was taken and replaced with fresh saline. The "day 0" sample was taken immediately after the microspheres were first suspended in saline. Figure 5 shows an inversion recovery fast spin-echo image (TI = 1600 ms) of the day 30 samples of VEGF/Gd-DTPA PLGA microspheres. The microspheres appear as bright regions at the bottom of the tubes. The release kinetics of VEGF and Gd-DTPA from PLGA microspheres is shown in Fig. 6 . Also shown is the longitudinal relaxation rate (R 1 ) of the pellet of micro-spheres after centrifugation. The release profiles for both the VEGF and Gd-DTPA can be described by three phases: a burst, followed by a slow steadystate, followed by a rapid steady-state. For the Gd-DTPA, 54% was released by day 1, 0.2%/ day was released during the slow steady-state phase (days 2-16), and 5%/day was released during the rapid steady-state phase (days 18-24). For the VEGF, 3% was released by day 1, 0.1%/day was released during the slow steady-state phase (days 2-20), and 6%/day was released during the rapid steady-state phase (days 24-35). The release of VEGF slightly lags that of Gd-DTPA. The R 1 of the microspheres increase and reach a maximum when the rate of release of Gd-DTPA is also at its maximum. The R 1 then decreases as the rate of Gd-DTPA release decreases.
Bioactivity
The bioactivity of the VEGF released from the PLGA microspheres was assessed by measuring the proliferation of HUVECs over a period of 4 days cultured with supernatant from VEGF/ Gd-DTPA PLGA microspheres ("VEGF micro-spheres"). The results are shown in Fig. 7 . For this assay, VEGF protein served as a positive control ("VEGF"), and supernatant from empty microspheres ("empty micro-spheres") and media excluding VEGF ("media") served as negative controls. No significant difference was found between the cell counts for the VEGF and VEGF micro-spheres groups, indicating that the VEGF released from the microspheres was as bioactive as the unencapsulated VEGF. Both VEGF groups induced proliferation that was significantly higher than the negative controls (P ≤ 0.05).
DISCUSSION
It has been shown that biodegradable PLGA microspheres can be manufactured to coencapsulate the angiogenic factor VEGF and the MRI contrast agent Gd-DTPA. By incorporating Gd-DTPA into the microspheres they can be clearly localized with MRI, which can be used to noninvasively provide information about the spatial distribution and release kinetics of the sustained release drug delivery vehicle. The incorporation of Gd-DTPA did not affect the bioactivity of the VEGF, as demonstrated by the HUVEC cellular proliferation assay.
The distribution of Gd-DTPA in the microspheres was fairly homogeneous, as demonstrated by the elemental map obtained by EFTEM. From the relaxation measurements, it was found that the polymer itself had a negligible effect on T 1 relaxation. The relaxation rate of the VEGF/ Gd-DTPA PLGA microspheres was significantly higher than that of empty microspheres. Some of this effect is from free Gd-DTPA that has been released from the microspheres, as shown by the relaxation rate of the filtrate, which was slightly higher than that of plain gelatin. The contribution of free Gd-DTPA to the overall T 1 relaxation effect of the microspheres increases over time as more and more is released. The relaxivity of the encapsulated Gd-DTPA is somewhat less than that of free Gd-DTPA, since water access is inhibited, so that an effective concentration is observed that is less than the actual concentration of Gd-DTPA.
For the in vitro release of VEGF, an initial small burst followed by a biphasic steady-state release was observed. Similar release profiles have been observed by others (18, 19) . The release of Gd-DTPA and VEGF from the microspheres followed similar profiles. The initial burst may be due to material being released from the outer surface of the microspheres. Subsequently, the primary mode of degradation for PLGA microspheres is bulk erosion (20, 21) , where hydrolysis of the interior of the microspheres happens faster than erosion of the surface. As water hydrolyzes the interior of the microspheres, tortuous channels develop, through which material from the interior is able to diffuse. During the early stages of hydrolysis, very small amounts of VEGF and Gd-DTPA are released. As these channels increase in size, increasing amounts of material are able to diffuse out and eventually some spheres break apart, releasing bulk amounts. The rapid release phase of Gd-DTPA slightly precedes the rapid release of VEGF, which may be explained by the difference in size between Gd-DTPA (1 kD) and VEGF (45 kD). Because Gd-DTPA is a smaller molecule, it may more easily diffuse out of the polymer as it degrades.
The relaxation rate of the spheres increases as the release rate of Gd-DTPA increases, so that the R 1 of the microspheres resembles the derivative of the release of Gd-DTPA. Initially, a burst of Gd-DTPA is released from the surface of the microspheres, where it is easily accessed by water and therefore effectively increases the R 1 of the microspheres. After this initial release, the encapsulated Gd is shielded from water and the R 1 decreases. As hydrolysis of the polymer occurs, pores and channels develop within the microspheres, thereby allowing water greater access to Gd within the microspheres, increasing the effective R 1 . Furthermore, the Gd is more easily able to diffuse out of microspheres, resulting in an increased release rate. Eventually, most of the Gd diffuses out and the R 1 decreases once again. By tracking the R 1 of the microspheres, the release rate of Gd can be inferred, which can in turn be used to approximate the release of drug from the microspheres.
The degradation rate of PLGA microspheres can be influenced by the polymer composition, preparation conditions, and the incorporation of additives (22) (23) (24) . For example, it has been shown that the inclusion of BSA facilitates the release of growth factor from a polymer matrix (25) . By carefully choosing these parameters, the release profile can be finely controlled, which may be especially important for optimizing the delivery of angiogenic factors (26, 27) . It has been demonstrated that in vivo release rates can be approximately twice the rates observed in vitro (24) . The increased rate of hydrolysis and polymer degradation that occurs in vivo should affect the rates of release of VEGF and Gd-DTPA similarly, so that they should still correlate well in vivo, as they do in vitro.
The current study investigated the use of Gd-doped bio-degradable microspheres as a means for delivering the angiogenic factor VEGF, but the techniques presented here could easily be applied to co-encapsulate a variety of therapeutic polypeptides. In theory, these microspheres could also be used to deliver DNA (28) in a sustained manner, and therefore prolong gene expression without the use of viral vectors. The co-encapsulation of Gd would allow the use of MRI to ensure that the DNA was localized properly and to monitor the initial biodistribution.
CONCLUSIONS
In this study the angiogenic protein VEGF and the MRI contrast agent Gd-DTPA were coencapsulated in biodegradable microspheres by the double emulsion solvent-evaporation method. The microspheres degraded over a period of ∼30 days, with both the protein and contrast agent exhibiting triphasic release profiles. After an initial burst release the first day, Gd-DTPA was released slowly for the first 16 days, then rapidly over the next 8 days. The VEGF release slightly lagged that of the Gd-DTPA, with the slow release phase occurring during the first 20 days and the rapid release phase occurring over the following 15 days. The incorporation of Gd-DTPA enabled the microspheres to be visible under MRI, and a correlation was observed between the change in longitudinal relaxation rate of the microspheres and the release of VEGF and Gd-DTPA.
FIG. 1.
Differential interference contrast (DIC) light micrograph of VEGF/Gd-DTPA PLGA microspheres. Scale bar = 100 μm.
FIG. 2.
Size distribution of VEGF/Gd-DTPA PLGA microspheres. The graph shows the contribution to the total volume of microspheres vs. microsphere diameter. The mean ± SD of this volumeweighted distribution is 48 ± 18 μm. R 1 relaxation rates for 8% gelatin, empty microspheres, filtrate, and Gd-DTPA microspheres. The empty microspheres did not have an effect on the relaxation rate, indicating that the PLGA by itself had no T 1 effect. The result for the filtrate is a measure of the contribution of nonencapsulated Gd-DTPA to the overall relaxation rate enhancement of the Gd-DTPA microspheres.
FIG. 5.
Fast spin-echo image of VEGF/Gd-DTPA PLGA micro-spheres after 30 days of degradation. The three samples have been centrifuged and the microsphere pellets appear as a bright region at the bottom of the tubes. Imaging parameters were TR/TE = 10 sec / 10 ms, echo train length = 4, inversion time = 1600 ms, resolution = 1.25 × 1.25 mm.
FIG. 6.
Release (top) and relaxation rate (bottom) kinetics of VEGF/Gd-DTPA PLGA microspheres. In the top figure the amounts of VEGF and Gd-DTPA are expressed as the percentage of the total released. The bottom graph shows the relaxation rate of the microsphere pellet. The release takes place in three phases: an initial burst, followed by a slow steady-state, followed by a rapid steady-state. The relaxation rate of the microspheres reaches a maximum during the maximum rate of Gd-DTPA release and resembles the derivative of the release curve. Points on the graphs represent the mean of three samples and the bars represent the SD.
FIG. 7.
Bioactivity measured by human umbilical vein cell (HUVEC) proliferation. Each bar represents the cell count at the end of 4 days of incubation with a particular media formation. VEGF = exogenously supplied VEGF (10 ng/ml), VEGF microspheres = VEGF released from VEGF/Gd-DTPA microspheres, empty = supernatant from empty (BSA/Gd-DTPA) microspheres, media = modified media without VEGF. The VEGF group served as a positive control and the empty and media groups served as negative controls. The counts for the VEGF microspheres group was not significantly different than the counts for the VEGF group, and were significantly (P ≤ 0.05) higher than the two negative controls. The data are expressed as mean ± SD of measurements made in triplicate.
